Introduction Hemodynamics is thought to play a very important role in the initiation, growth, and rupture of intracranial aneurysms. The purpose of our study was to compare hemodynamics of intracranial aneurysms of MR fluid dynamics (MRFD) using 3D cine PC MR imaging (4D-Flow) at 1.5 T and MR-based computational fluid dynamics (CFD). Methods 4D-Flow was performed for five intracranial aneurysms by a 1.5 T MR scanner. 3D TOF MR angiography was performed for geometric information. The blood flow in the aneurysms was modeled using CFD simulation based on the finite element method. We used MR angiographic data as the vascular models and MR flow information as boundary conditions in CFD. 3D velocity vector fields, 3D streamlines, shearing velocity maps, wall shear stress (WSS) distribution maps and oscillatory shear index (OSI) distribution maps were obtained by MRFD and CFD and were compared. Results There was a moderate to high degree of correlation in 3D velocity vector fields and a low to moderate degree of correlation in WSS of aneurysms between MRFD and CFD using regression analysis. The patterns of 3D streamlines were similar between MRFD and CFD. The small and rotating shearing velocities and higher OSI were observed at the top of the spiral flow in the aneurysms. The pattern and location of shearing velocity in MRFD and CFD were similar. The location of high oscillatory shear index obtained by MRFD was near to that obtained by CFD. Conclusion MRFD and CFD of intracranial aneurysms correlated fairly well.
Introduction
Hemodynamics is thought to play a very important role in the initiation, growth, and rupture of intracranial aneurysms. Therefore, accurate hemodynamic information would be very useful for understanding pathogenesis of aneurysms. To obtain hemodynamic information, we need time-resolved three-dimensional (3D) and three-directional flow velocity data set (3D velocity vector fields) of the vascular structure. We can generate 3D streamlines, 3D particle traces, or 3D pathlines using information of 3D velocity vector fields to visualize the blood flow [1] . Wall shear stress (WSS) and oscillatory shear index (OSI) are important biological parameters affecting the vascular wall [2, 3] . WSS is a dynamic frictional force induced by a viscous fluid moving across a surface of solid material and is defined as the multiplication of fluid viscosity and shearing velocity of the neighboring vascular wall. OSI shows the degree of the fluctuation of the WSS during cardiac cycle. WSS and OSI can be calculated using flow velocities near the wall.
Three main methods are used to obtain the data set of the 3D velocity vector fields, which are as follows: (1) experimental fluid dynamics or in vitro fluid dynamics including laser Doppler velocimetry (LDV) [4] and particle image velocimetry [5] ; (2) in vivo fluid dynamics including cine phase-contrast (PC) MR imaging [6] [7] [8] [9] and Doppler ultrasound; and (3) computational fluid dynamics (CFD) or in silico fluid dynamics [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This study focused on in vivo fluid dynamics using 3D cine PC MR imaging and CFD.
CFD is a computer simulation based on many assumptions that requires vascular morphological information, boundary conditions (i.e., temporal flow information of the inlet and outlet surfaces), and initial conditions. CFD for intracranial aneurysms has been performed recently [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . If we use accurate vascular models and accurate boundary conditions, CFD can provide us with precise 3D velocity vector fields with high spatial resolution and high temporal resolution. On the contrary, 3D cine phasecontrast MR imaging (time-resolved three-dimensional phase-contrast MRI, 4D-Flow) can measure blood flow velocities (i.e., 3D velocity vector fields) in the vessels in living human beings [6] [7] [8] [9] , although its spatial resolution and temporal resolution are somewhat lower than those of CFD. There have been few papers comparing the hemodynamics of intracranial aneurysms between MR fluid dynamics (MRFD) using 4D-Flow and MR-based CFD.
The purpose of our study was to compare MRFD using 4D-Flow and CFD based on 3D velocity vector fields, 3D streamlines, shearing velocity, WSS, and OSI of intracranial aneurysms. In this study, we used MR angiographic data for the vascular models and MR flow information for the boundary conditions in CFD.
Materials and methods

Subjects
This study was approved by the institutional review board of our university. Five patients (two male, three female, 51 to 71 years old, 62.8 years old on average) had the following five unruptured aneurysms (their diameters ranged from 3 to 8 mm, 5.7 mm on average); one basilar artery-superior cerebellar artery (BA-SCA) aneurysm, two internal carotidposterior communicating (IC-PC) artery aneurysms, one middle cerebral artery (MCA) bifurcation aneurysm, and one internal carotid-ophthalmic (IC-Oph) artery aneurysm. Informed consent was obtained from all patients.
MR imaging
MR imaging was performed by a 1.5T MR scanner (Signa Infinity Twinspeed with Excite (version 12), GE Healthcare, Milwaukee, WI, USA) with a commercially available eightchannel head array coil. 4D-Flow provides us with timeresolved 3D voxel data, each of which has three-directional flow velocity components [6] . Imaging parameters for 4D-Flow were as follows: repetition time (TR)/echo time (TE)/ number of excitation (NEX), 5.8/2.1/1; flip angle (FA), 15; field of view (FOV), 160×160×32 mm; matrix, 160×160× 20; voxel size, 1×1×1.6 mm; reconstructed matrix with the aid of zero filled interpolation processing (ZIP), 160×160× 40; reconstructed voxel size with the aid of ZIP, 1×1× 0.8 mm; velocity encoding, 60-100 cm/s; band width (BW), 62.5 kH; slew rate, 77 mT/m/ms; imaging time, 15 to 25 min; transaxial direction; and retrospective gating with ECG, 20 phases. Row data of 4D-Flow was transferred to a personal computer (Intel Pentium4 CPU, 3.2 GHz, 2,048 MB RAM, Linux). 4D-Flow imaging provided five kinds of images, i.e., magnitude images, x-, y-, z-encoded PC MR images and speed images. Therefore, a total of 2,000 images were reconstructed in about 170 min. Details are described elsewhere [6] .
3D time-of-flight (TOF) MR angiography was performed for geometric information. Imaging parameters for 3D TOF MR angiography were as follows: TR/TE/NEX, 40/2.2/1; FA, 30; FOV, 160×160×32 mm; matrix, 160× 160×20; reconstructed matrix with the aid of ZIP, 160× 160×40; voxel size, 1×1×1.6 mm; reconstructed voxel size with the aid of ZIP, 1×1×0.8 mm; BW, 32 kH; imaging time, 2 min 40 s; and transaxial direction.
MR fluid dynamics
4D-Flow data set and MR angiographic data set mentioned in the above section were transferred to a personal computer (Intel Pentium4 CPU, 3.2 GHz, 2,048 MB RAM, Microsoft Windows XP) in DICOM format. We decided region of interest including the aneurysm and the parent arteries from the 4D-Flow and MR angiographic data set. Segmentation was performed for vascular wall structures from 3D data sets of MR angiography or one proper phase of magnitude images of 4D-Flow with the aid of region growing method [21] . At the beginning of the segmentation of vessel by region growing method, we chose one point inside the vessel, another point outside of the vessel, and the parameter, determining whether points were inside or outside of the vessel. Regions inside or outside of the vessel grew from each reference point until the whole vascular structure was segmented. Vascular shapes were then created by marching cubes method [22] . We changed the reference points and the parameter for segmentation until the final vascular shape matched the edge of the vascular shape on the original MR angiographic images or magnitude images of 4D-Flow.
3D and three-directional flow information was interpolated with the spatial resolution of 0.5×0.5×0.5 mm using the 3D data sets obtained by 4D-Flow. We visualized 3D velocity vector fields based on the flow information included in 4D-Flow data. We set several planes traversing the aneurysm and the parent arteries and generated 3D streamlines with the use of Runge-Kutta method [1] . 3D streamlines are integrated traces along instantaneous velocity vector field, color coded according to the local velocity magnitude.
WSS is a dynamic frictional force induced by a viscous fluid moving across a surface of solid material [2] . Shearing velocity is calculated by dividing velocity along the wall by distance from wall to the velocity measuring point. WSS is defined as the multiplication of fluid viscosity and shearing velocity of the neighboring vascular wall [2] . We chose one WSS calculation point (S 0 ) and three reference points (S 1 to S 3 ) at regular interval d of the normal to the wall (Fig. 1 ). S 0 was located at the wall and S 1 to S 3 were located in the vascular structure. Velocity vectors at S 1 , S 2 , and S 3 were linearly interpolated by the surrounding data points with the use of linear interpolation method. The slope of the curve (derivative value) of the velocity vector profile at S 0 was the velocity vector gradient at S 0 . We set the velocity at S 0 to zero, and the velocity vector gradient at the wall was estimated with Lagrange's polynomial interpolation formula. WSS vector at S 0 was calculated by multiplying viscosity by the tangential velocity vector gradient perpendicular to the normal to the wall (i.e., tangential shearing velocity vector). WSS was the strength of the WSS vector. We used a blood viscosity of 0.0038 Pas for the calculation. Our method was similar to those reported by Masaryk [23] and Cheng [24] , with the main difference being that our method was three-dimensional not two-dimensional. In this method the probability that the WSS calculation point (S 0 ) and the three reference points (S 1 to S 3 ) were located in different and neighboring voxels was as high as possible. The distance necessary to maximize probability that S 0 to S 3 occupied neighboring voxels was determined by numerical experiment for each model and was set as approximately 1.15 times voxel spacing, 0.575 mm in this study. We calculated shearing velocity and WSS and obtained contour maps of these.
Because endothelial cells are reported to be very sensitive to the instantaneous fluctuation of WSS [3] , we calculated OSI based on the WSS vector. OSI was defined as OSI ¼ [3] . OSI ranged from 0 to 0.5 and larger OSI meant that instantaneous WSS vector fluctuated more from the main stream direction at the calculated point during one cardiac cycle. Segmentation and creation of vascular model, calculation of 3D streamlines, shearing velocity, WSS, and OSI mentioned previously were done in about 1 h by our in-house software, which was written by one of the authors (Y.O.) in Visual C++ language.
Computational Fluid Dynamics
We created a tetrahedral mesh in each aneurysm model, the same model used for MRFD, with a fine mesh near the wall for more accurate calculation of flow velocities around the wall using commercially available software (Amira, Mercury Computer Systems, Inc., USA). The size of the mesh increased away from the wall. The minimum, maximum, and average length of the nodes were 0.009, 0.777, and Fig. 1 Calculation method of wall shear stress (WSS). For one arbitrary calculation point (S 0 ) on the wall surface, we choose three reference points (S 1 to S 3 ) of the normal to the wall inside of the lumen at regular interval d. Velocity vectors at S 1 , S 2 , and S 3 are interpolated by surrounding data points with the use of linear interpolation method. The slope of velocity profile (derivative value= f'(S 0 )) of S 0 is the velocity vector gradient at S 0 . We set the velocity at S 0 to zero and the velocity vector gradient at the wall is estimated with Lagrange's polynomial interpolation formula. WSS vector at S 0 is calculated by multiplying viscosity by the tangential velocity vector gradient perpendicular to the normal to the wall (i.e., tangential shearing velocity vector). WSS is the strength of the WSS vector. f'(S 0 ), velocity vector gradient at the wall 0.220 mm, respectively. The total number of meshes ranged from 237,687 to 753,178.
CFD was performed for the models with the use of a finite element solver (Acusolve, ACUSIM Software, Inc., USA) under the governing equations of mass conservation and Navie-Stokes, and 3D velocity vector fields were obtained for the models. We assumed the circulating fluid as Newtonian and incompressible with a specific density of 1.054 kg/m 3 and viscosity of 0.0038 Pas. A rigid wall with no-slip conditions was applied. The flow measurement using 4D-Flow data demonstrated that the timing of peak velocity of the inflow and outflow of the parent arteries of the aneurysms was the same for all aneurysms. Thus, these aneurysms were thought not to significantly change their volume during cardiac cycle and so, CFD using rigid vascular model might be acceptable to simulate hemodynamics of the aneurysms.
Temporal flow vectors for each point on the inlet surface, which were linearly interpolated based on the 4D-Flow data, were used as boundary conditions for CFD. A traction-free boundary condition was applied to the outlets for the BA-SCA aneurysm with three outlets, one IC-PC artery aneurysm with one outlet and the IC-Oph artery aneurysm with one outlet. We set the flow volume ratio of the outlets based on the 4D-Flow data set for the MCA bifurcation aneurysm with two outlets and another IC-PC artery aneurysm with two outlets.
Three cardiac cycles were calculated with 90 or 180 steps per one cardiac cycle, and the result of CFD was based on the third cycle. The calculation time for CFD was from 10 to 15 h using the CPU with 2.5 GHz.
We visualized 3D velocity vector fields and calculated 3D streamlines, shearing velocities, WSS, and OIS using the same method used for MRFD. In calculating WSS, the regular interval of three reference points was set at 0.575 mm.
We also obtained WSS based on the shearing velocities calculated from the flow velocities of nodes located at the outermost layer of the vasculature. The shearing velocities were calculated by dividing tangential velocities, perpendicular to the normal to the wall of nodes located at the outermost layer of the wall by distance of nodes from the wall (0.009 mm).
Evaluation
We correlated the 3D velocity vector fields and WSS of MRFD with those of MR-based CFD using a regression analysis for all five aneurysms. Analyses were made for corresponding intravascular data points for 3D velocity vector fields and for corresponding surface points for WSS. We analyzed both aneurysms and parent arteries. As MRFD consisted of voxel data set and CFD consisted of tetrahedral meshes, the locations of data points were different. Therefore, voxel data set was created by linearly interpolating velocity data set of CFD. We compared the 3D velocity vector fields including X-component, Y-component, Z-component, and magnitude at temporal average velocity, at the phases of the highest and lowest velocities in the parent artery of MRDF and CFD. Comparison of WSS was made at temporal average velocity, at the phases of the highest and lowest velocities in the parent artery.
We also evaluated WSS obtained by calculating the shearing velocities based on flow velocities of nodes located at the outermost layer of the vasculature in CFD. We qualitatively compared the pattern of the shearing velocity and the pattern of OSI between MRFD and CFD.
Results
There was a moderate to high degree of correlation (0.213< R<0.898, P<0.01) between the 3D velocity vector fields of aneurysm models obtained with MRFD and CFD ( Table 1 , Figs. 2 and 3b ) by regression analysis. 3D velocity vector fields and 3D streamlines patterns in MRFD and CFD were similar (Fig. 3b, c) .
There was also a low to moderate degree of correlation (0.095<R<0.494, P<0.01) between the WSS of aneurysm models obtained with MRFD and CFD (Table 1, Figs. 2  and 3d ) by regression analysis. In spite of the difference (0.575 versus 0.009 mm) of the interval of the WSS calculation point and the reference point(s); there was almost no difference of WSS distribution on the aneurysmal surface in the CFD (Fig. 3d) .
The small and rotating shearing velocities and higher OSI were observed at the top of the spiral flow of the 3D streamlines (Fig. 3e, f) . The location and the extent of these areas in MRFD did not always correspond with those of CFD. However, the center of rotating shearing velocity and high OSI was located in a similar area for both MRFD and CFD In this study, we used 4D-Flow data set as a boundary condition for CFD. There are almost no differences in correlation efficient against MRFD between CFD using 4D-Flow data set as outlets flow information and CFD without using 4D-Flow data set as outlets flow information (Table 1) .
Discussion
Hemodynamics, especially WSS, is thought to play a very important role in the initiation, development, and rupture of intracranial aneurysms. Aneurysms may occur at sites with low and rotating WSS [10] or high WSS [11, 12] . There are two main theories regarding the cause of bleb formation and development or rupture of aneurysms: high WSS [13] or low WSS [11, [14] [15] [16] [17] . Other theories focus on flow The flow volume ratio of the outlets was set in CFD based on the 4D-Flow data set. Otherwise, a traction-free boundary condition was applied to the outlets in CFD Abbreviations: MRFD MR fluid dynamics, CFD computational fluid dynamics, BA-SCA basilar artery-superior cerebellar artery aneurysm, IC-PC internal carotid-posterior communicating artery aneurysm, MCA middle cerebral artery bifurcation aneurysm, IC-Oph internal carotid-ophthalmic artery aneurysm, Sys the systolic phase when the velocities of parent artery is maximum during one cardiac cycle, Dia the diastolic phase when the velocities of parent artery is lowest during one cardiac cycle, Ave average velocity during one cardiac cycle, WSS wall shear stress patterns such as small impingement area on the aneurysmal wall, jet flow, or flow separation causing intimal injury [18] [19] [20] . To address these unresolved issues, accurate blood flow information and accurate WSS measurement or accurate WSS calculation are needed. 4D-Flow has the advantage of being able to measure flow velocities in the vessels in living human beings [6] [7] [8] [9] , although, its spatial resolution and temporal resolution are lower than those of CFD. Accuracy of 4D-Flow has been confirmed using 2D cine PC MR imaging [6] . In this study, we wanted to confirm the accuracy of MRFD using CFD data as a gold standard. We performed regression analysis for 3D velocity vector fields, which showed a moderate to high degree of correlation between MRFD and MR-based CFD (Table 1 , Figs. 2 and 3b) . The patterns of 3D streamlines were qualitatively well correlated between MRFD and CFD (Fig. 3c) . There are several papers comparing velocity vector fields of MRFD obtained by 2D or 3D cine PC MR imaging [4, 25, [27] [28] [29] ] using 3 T MR scanners or high spatial resolution show better agreements in velocity vector fields between MRFD and LDV or CFD than shown in this study. Our 4D-Flow data set was obtained by a 1.5-T MR scanner and had less signal-to-noise ratio. Perhaps, this was because the larger voxel size of 4D-Flow data used in our study may cause inaccuracy of flow information in each voxel due to partial volume averaging and intravoxel dephasing.
There was a low to moderate degree of correlation between WSS obtained with MRFD and CFD. The degree of the correlation was less in WSS than 3D velocity vector field because WSS was the result of the calculation based on the velocity gradient (derivative value) obtained from the velocity vectors of the reference points, and subtle differences of velocity vectors near the wall were thought to have an enormous effect on the shearing velocity at the wall. WSS measurements were also thought to be sensitive to localization of the wall and slow velocity near the wall. 3D TOF MR angiography might not provide us with accurate geometric information due to slow flow or turbulent flow. 4D-Flow may be susceptible to measurement errors due to slow flow velocities near the wall. Several papers have shown good correlation between MRFD and CFD [26, [29] [30] [31] [32] . Unlike previous papers, however, our method compared WSS at all surface points in the region of interest.
The center of rotating shearing velocity and high OSI was located in a similar area for both MRFD and CFD. These points may correspond to the regions with fluctuating WSS at the top of the spiral flow in the aneurysms. These areas may be very important in clinical situations; so, further study is needed.
The time needed for CFD calculation depends on the ability of the computer system, the number of mesh, and the calculation conditions. It takes about 10 h to 2 days. MRFD needed 20 min for MR examination, 170 min for image reconstruction, and less than 1 h for postprocessing. Therefore, MRFD was thought to be a simple and easy method to analyze hemodynamics of intracranial aneurysms. As shown in this study, the results of MRFD were not the same as those obtained by CFD; however, there was a good degree of correlation in 3D velocity vector fields. We thought that MRFD and CFD are complementary methods. We examined five cases, so further study is needed to validate the accuracy of MRFD.
Conclusions
We compared 3D velocity vector fields, 3D streamlines, shearing velocity, WSS, and OSI of five intracranial aneurysms of MRFD using 3D cine PC MR imaging at 1.5 T and MR-based CFD. There was a moderate to high degree of correlation in 3D velocity vector fields and a low to moderate degree of correlation in WSS of intracranial aneurysms between MRFD and CFD. The pattern and location of shearing velocity in MRFD and CFD were similar. The location of high OSI obtained by MRFD was near to that obtained by CFD.
